Abstract. Genetic differences at five polymorphic isoenzyme loci were analyzed by starch gel electrophoresis for 28 Aedes aegypti samples. Considerable (i.e., high F st values) and significant (i.e., P values Ͼ10 Ϫ4 ) geographic differences were found. Differences in Ae. aegypti genetic structure were related to human population densities and to particularities in mosquito ecotopes in both Tahiti and Moorea islands. In highly urbanized areas (i.e., the Papeete agglomeration), mosquitoes were highly structured. Recurrent extinction events consecutive to insecticidal treatments during dengue outbreaks tend to differentiate mosquito populations. In less populated zones (i.e., the east coast of Moorea and Tahiti), differences in ecotope characteristics could explain the lack of differentiation among mosquitoes from rural environments such as the east coast of Tahiti where natural breeding sites predominate. When the lowest populated zones such as Tahiti Iti and the west coast of Moorea are compared, mosquito are less differentiated in Moorea. These results will be discussed in relation to the recent findings of variation in mosquito infection rates for dengue-2 virus.
Since the first description of dengue hemorrhagic fever in the mid-1950s, the frequency of dengue fever epidemics has increased dramatically. 1 After World War II, dengue viruses were spread more rapidly by viremic human populations taking advantage of the increase in air travel. In the South Pacific region, the occurrence of dengue outbreaks coincided with the recent development of air transportation and in French Polynesia, with the establishment of an international airport in Tahiti in 1963. 2 In French Polynesia, all 4 serotypes have been found, and all have been responsible for outbreaks of dengue-3 in 1969, dengue-2 in 1971, dengue-1 in 1975, dengue-4 in 1979, dengue-1 in 1988, and dengue-3 in 1989. In 1996-1997 during the dengue-2 epidemic, they were 7,230 suspected cases, of which 2,027 were confirmed serologically, and one death was reported. 3 The pattern of intermittent outbreaks with long inter-epidemic periods has progressively changed such that there is now cocirculation of multiple dengue serotypes. This change probably favors the emergence of dengue hemorrhagic fever.
The principal mosquito vector for the four dengue serotypes is Aedes aegypti L., a highly domesticated urban species that is well adapted for life in intimate association with humans. This urban mosquito is present at high densities in human habitations but it is not a very efficient vector for dengue viruses. 1 It is widely accepted that only virus strains that replicate efficiently in humans and produce high levels of viremia are transmissible by this mosquito species. Little is known about the precise role of the virus in the transmission and pathogenesis of dengue. Genetic variation in virus strains is thought to affect virulence, accounting for the changing patterns of disease, but the molecular basis for virulence is unknown. 4 In previous studies, we have demonstrated that the circulation of dengue viruses between Polynesian islands is unlikely to be due to the migration of infected Ae. aegypti. 2 The movement of people seems to be the most likely mechanism for transporting dengue viruses between islands. Thus, the change in the pattern of dengue fever epidemics that has recently occurred in French Polynesia is probably related to an increase in the movement of dengue viruses carried by viremic people, associated with the growth of both local and international air travel. 2 It has also been shown that there is significant variation in the oral susceptibility to dengue-2 virus in the various strains of Ae. aegypti from Tahiti and Moorea in French Polynesia. 5 Human population densities and ecotope selection seem to affect mosquito population differentiation and thus, on susceptibility to dengue-2 virus.
In this study, we investigated by isoenzyme electrophoresis whether the variation in the oral susceptibility of Ae. aegypti L. to dengue-2 virus was due to the genetic variability of mosquito populations. We assessed the contribution of the genetic structure of Ae. aegypti populations to the pattern of dengue fever transmission in the two more urbanized islands of French Polynesia, Tahiti and Moorea.
MATERIALS AND METHODS
Mosquito samples. Twenty-eight Ae. aegypti samples were collected from Tahiti (21) and Moorea (7) in April 1997 ( Figure 1 and Table 1 ). Larvae or pupae were collected and maintained until the adult stage in laboratory conditions (temperature ϭ 25 Ϯ 1ЊC, relative humidity ϭ 80 Ϯ 10%, and a 12-hr photoperiod). The F 0 adults obtained were allowed to feed on a restrained mouse to enable them to produce eggs. The eggs were hatched and the larvae were reared to imago (F 1 ). The F 0 and F 1 imagoes were stored at Ϫ80ЊC until their analysis. Only the F 1 generation was tested.
Electrophoresis. Each individual mosquito was ground in 25 l of distilled water. The sample was centrifuged (15,000 rpm for 5 min at 4ЊC) and the supernatant was transferred to a new tube. The pellet, which contained the DNA, was stored at Ϫ80ЊC for further genetic analysis. The supernatant, which contained the proteins, was divided into two aliquots making it possible to run two gels (and analyze at least 9 enzymatic systems) for each mosquito. Extracts were subjected to starch gel electrophoresis in Tris-maleate- EDTA, pH 7.4, buffer systems. 6 Nine enzymatic systems were studied: esterases (Est, EC 3.1. Genetic analysis. Hardy-Weinberg proportions were compared using the GENEPOP software (version 3.1). 7 Proportions were tested on the basis that the alternative hypothesis, H1, was a heterozygote deficit as described by Rousset and Raymond. 8 Global disequilibrium was tested between pairs of loci for each sample using Fisher's test on rank ϫ column contingency tables. Genetic differences between samples or groups of samples was tested using Fisher's exact test for each locus. An unbiased estimate of the exact probability was obtained using a Markov chain method. 7 The overall significance of multiple tests for each locus were estimated by Fisher's combined probability. 9 F is and F st were calculated as described by Weir and Cockerham. 10 The number of effective migrants (Nm) was estimated from the F statistics according to the equation Nm ϭ (1/F st Ϫ 1)/4. 11 The significance level of each test was adjusted for the number of tests run by the sequential method of Bonferroni. 12 
RESULTS
Enzyme polymorphism. Six (Gpd, Got1, Hk1, Hk3, Me, and Mdh1) of the 11 loci investigated were monomorphic or displayed limited polymorphism in most samples. A polymorphic loci is a loci at which the most common allele has a frequency of less than 0.95. Conversely, a monomorphic loci is one that is not polymorphic. The monomorphic loci were not further considered. Genetic analysis was therefore based on the five remaining loci: Hk2, Mdh, Mpi, Gpi, and Pgm (Table 2) .
Statistical independence. Genotypic associations between pairs of loci within each mosquito strain were ruled out in all of the samples by taking into account multiple testing (Bonferroni sequential test P Ͼ 0.05). Therefore, the polymorphisms at the Hk2, Mdh, Mpi, Gpi, and Pgm loci were statistically independent from each other.
Hardy-Weinberg proportions. Hardy-Weinberg equilibrium (H0: random mating) was tested assuming that the alternative hypothesis, H1, was heterozygote deficit. For each locus in each sample, Hardy-Weinberg equilibrium was tested by the probability test. Eleven tests results were significant (P Ͻ 0.05), but only the FAA strain (strain 21) showed (Table 2) . Global tests considering all samples for each locus rejected (P Ͻ 10
Ϫ4
) Hardy-Weinberg equilibrium for Hk2, Mdh, and Mpi. All loci for each strain were considered by combining P values and performing an overall test: departure from the Hardy-Weinberg equilibrium was significant (P Ͻ 10 Ϫ4 ) for FAR2 (strain 3), PIR2 (4), FAO (12), PAE (19) , FAA (21) , and TIA (28).
Population differentiation. The calculated overall differentiation for the 28 samples was high (F st ϭ 0.099) and highly significant (P Ͻ 10 Ϫ4 ) ( Table 3) . We analyzed this differentiation in more detail by performing two types of analysis: 1) samples were pooled according to geographic characteristics and 2) groups were established according to human population density.
Geographic differentiation. Significant differences in allelic composition for all five loci were observed for the samples from Tahiti (P Ͻ 10
) and the overall level of differentiation was high (F st ϭ 0.118). Mosquito samples were divided into two groups: those from the west coast (n ϭ 6) and those from the east coast (n ϭ 11) (for details, see Vazeille-Falcoz and others 5 ). Samples PAP (1), FAR1 (2), and FAR2 (3) were excluded from the analysis because they were taken from the main city (Papeete) and TAR (13) , which was taken from the isthmus of Tahiti, was also excluded. If samples from the west coast and from the east coast of Tahiti were analyzed separately, high F st values (0.157 [west] and 0.092 [east]) associated with significant P values were obtained.
There were significant differences at all five loci (F st ϭ 0.108, P Ͻ 10 Ϫ4 ) for all samples from the main island, Tahiti Nui. The overall level of differentiation for samples from the small part of the island, Tahiti Iti (F st ϭ 0.076, P Ͻ 10 Ϫ4 ) resulted purely from a significant difference in allelic frequencies at the Mdh loci (F st ϭ 0.123, P Ͻ 10 Ϫ4 ). The samples collected from Moorea differed significantly (P Ͻ 10
) at all loci considered. The differences between samples from the north coast (OPU1 ϭ 26, OPU2 ϭ and TIA ϭ 28) resulted from differences in allelic composition at the Mpi (F st ϭ 0.149, P Ͻ 10
) and Pgm (F st ϭ 0.047, P ϭ 0.001) loci. In analyses of samples from the south coast (VAR ϭ 22, MAN1 ϭ 23, MAN2 ϭ 24, and VAN ϭ 25), allelic frequencies differed at all loci except Pgm (F st ϭ 0.016, P ϭ 0.17).
Differentiation based on human population density. The 11 samples from the highly urbanized Papeete agglomeration [PAP (1), FAR1 (2), FAR2 (3), PIR2 (4), PIR3 (5), LOL (6), MAH1 (7), MAH2 (8), PAE (19) , PUN (20) and FAA (21)] were compared and the extent of isoenzyme differentiation was very significant (P Ͻ 10
) and high (F st ϭ 0.134). Four samples [PAO (9) , TIR (10), HIT (11) , and FAO (12)] from the urbanized area in which human population density is Ն400 inhabitants/km 2 differed at the Gpi and Pgm loci. TAR (13) was excluded from this analysis because the density of inhabitants in the sample area was similar to that estimated for the Papeete agglomeration. In less urbanized areas (Ͻ400 inhabitants/km 2 ), differences in allelic composition were only large (F st ϭ 0.123) and significant (P Ͻ 10
) at the Mdh locus.
The highly urbanized zone of Moorea (Ն400 inhabitants/ km 2 ) corresponds to the coast facing Tahiti. Allelic differences among samples from this area were assessed and high F st values (0.041-0.250) were calculated that were highly significant (P Ͻ 0.05). In contrast, samples from less urbanized areas (Ͻ400 inhabitants/km 2 ) were less differentiated with only the Mpi locus showing significant differences.
Genetic exchanges. The effect of genetic exchanges between samples was calculated by estimating Nm, as described by Weir and Cockerham, 10 using the formula Nm ϭ (1/F st Ϫ 1)/4. 11 Taking into account geographic factors, Nm values differed slightly (from 1.3 to 3.0) for samples from Tahiti and Moorea (Table 3) . We grouped samples according to human population density and Nm values were found to be high for highly populated areas (Ն400 inhabitants/km 2 ) in Tahiti (Nm ϭ 4.8) and for less urbanized areas in Moorea (Nm ϭ 4.2). Nm values were Ͻ4 for samples from the Papeete agglomeration (Nm ϭ 1.6), the less urbanized zone in Tahiti (Nm ϭ 3.0), and the highly urbanized area in Moorea (Nm ϭ 2.6).
DISCUSSION
Our results suggest that the genetic structure of Ae. aegypti populations depends on human population density (and intensity of insecticidal control) and ecologic characteristics of mosquito ecotopes. However, these results are based on experiments involving only F 1 individuals and may not be * N is the sample size. F is is the inbreeding coefficient and measures the reduction in heterozygosity of a subpopulation due to nonrandom mating, and P is the probability for rejecting Hardy-Weinberg equilibrium when H1 ϭ heterozygote deficit. Values in bold are significant (P Ͻ 0.05) values if multiple tests at the locus are taken into account. Gpi ϭ glucose phosphate isomerase; Hk 2 ϭ hexokinase 2; Mdh ϭ malate dehydrogenase; Mpi ϭ mannose phosphate isomerase; Pgm ϭ phosphoglucomutase; -ϭ nonsignificant P values. is the fixation index and measures the reduction in heterozygosity of a subpopulation due to random genetic drift. Nm is the actual number of migrants per generation (N ϭ number of individuals in a subpopulation; m ϭ fraction of genes that are from migrants). For definitions of loci, see Table 2 .
† Probability of homogeneity. ‡ Number of samples. § P Յ 0.001. ¶ P Յ 0.05.
extrapolated to F 0 individuals. The island of Tahiti consists of a large area (Tahiti Nui) connected to a smaller area (Tahiti Iti) by the narrow isthmus of Taravao. Coastal areas surrounding the volcanic island of Tahiti are wider on the west coast, which is protected by a coral reef. Intensive urbanization in one part of this coast (corresponding to the Papeete agglomeration) has created artificial breeding sites suitable for Ae. aegypti proliferation. In contrast, the east coast with a narrow coastal area, which is not protected by a coral barrier, has a limited urban development. On this coast, rain forests still cover valleys, creating abundant breeding places in flooded rock and tree holes for a rural species, Ae. polynesiensis. In such an environment, Ae. aegypti colonizes some natural breeding sites such as tree holes. In Tahiti Iti, most of the coastal areas are not affected by urban development and still have abundant terrestrial crab holes that are the most productive breeding sites for Ae. polynesiensis. 13 Likewise, this species breeds in wet coconut shells, which are particularly numerous in one of the last coconut groves maintained on the island of Tahiti. 14 In contrast to Ae. polynesiensis, Ae. aegypti populations are at low densities and breed essentially in artificial breeding sites. The island of Moorea (19 km west of Tahiti) has the same typologic type as Tahiti Iti. The coral reef that exists all around the island allows habitation and tourism infrastructure settings all along the coast. The airport and Vaiare harbor are located on the east coast. Human displacements between the two islands are frequent enough to consider Moorea as a commuter belt for the west coast of Tahiti. Aedes aegypti and Ae. polynesiensis are commonly found on the island with a distribution similar to that on Tahiti Iti.
Since the early 1960s, the main city of Tahiti Papeete has undergone a construction boom necessary to support its increasing population and modernization. Although growth was inevitable, much of it can be attributed to the development of tourism industry (coincidental with the establishment of an international airport in Tahiti) and to the beginning of the French nuclear testing program in 1962. Urban explosion mostly affected the five neighboring districts adjacent to Papeete (from Paea on the west coast to Mahina on the east coast), which contain at least 75% of the inhabitants of Tahiti (i.e., 93,294 of the 115,820 inhabitants in Tahiti). 15 In such an environment (numerous artificial mosquito breeding sites), Ae. aegypti predominates. During dengue outbreaks, Ae. aegypti populations are controlled by the public health service, essentially in urban habitats (i.e., Papeete agglomeration), and in the vicinity of the international airport. Sprays of malathion, fenitrothion, and deltamethrin are applied intensively. Aedes aegypti from the west coast of Tahiti has shown resistance to malathion, temephos, permethrin, and propoxur. 16 Insecticides are known to affect the genetic structure of exposed mosquito populations. In each treated site, a decrease in mosquito genetic variability was found after insecticidal sprays. 17 These effects are due mostly to a genetic bottleneck produced by extinction events. Then, a higher genetic differentiation between treated sites is observed. On the east coast of Tahiti Nui and in Tahiti Iti, Ae. aegypti populations present in lower densities are less subjected to insecticidal control and thus, a restricted genetic divergence can be observed. In Moorea, insecticides are widely used by inhabitants for their personal protection and by hotel keepers. Populations of Ae. aegypti from the most populated east coast, which faces the Papeete agglomeration of Tahiti, were more differentiated than mosquito populations from the west coast. These two distinct gene pools, which are subjected to the same habitat selection, could be maintained by a difference in the insecticidal pressure undoubtedly more important on the more populated east coast.
In Tahiti, three areas can be described. 1) In highly urbanized areas such as the Papeete agglomeration, where intensive insecticidal control is used during dengue outbreaks, Ae. aegypti populations are highly structured. 2) In a less populated area such as the east coast of Tahiti where Ae. aegypti ecotopes are different, there is extensive gene flow between the four districts sampled. 3) In the less populated zone of Tahiti, i.e. Tahiti Iti, Ae. aegypti populations that are present at low densities are differentiated. On the island of Moorea, which has ecotopes similar to those of Tahiti Iti, mosquitoes from the most populated east coast facing Tahiti are more genetically structured than those from the west coast. Therefore, Ae. aegypti differentiation is related to human population densities (and indirectly, to the highest vector densities and the intensity of insecticidal pressure associated) and habitat selection (clearly observed on the east coast of Tahiti).
Our results are consistent with data obtained by experimental infection of Ae. aegypti with the dengue 2 virus. 5 Mosquitoes from the less urbanized east coast of Tahiti have uniform infection rates, whereas mosquitoes from the more populated west coast have highly heterogeneous infection rates. In Moorea, differentiation in oral susceptibility was independent of the geographic location of mosquito samples.
The introduction of new dengue serotypes in French Polynesia certainly occurs via the international airport in Tahiti and their diffusion to other islands is probably associated to viremic people displacements. 2 Intensive commercial exchanges occur between Moorea and the west coast of Tahiti. This could explain the same pattern of heterogeneity in mosquito populations. Polymorphism in the expression of susceptibility to oral infection has been shown to occur among geographic strains of mosquitoes. This has been demonstrated for dengue viruses in Ae. aegypti. 18 The mechanism and genetic basis of such geographic variations in vector competence are unknown. However, recent quantitative genetic analysis of vector competence in Ae. aegypti for dengue 2 virus have allowed to identify at least two sets of genes whose expression were modulated by environmental variations. 19 Genetic structure is commonly assessed using markers as isoenzymes in studies of population genetics. 20 Genetic variation in Ae. aegypti has been well characterized using this approach. 21, 22 This method is thought to be able to detect low levels of gene flow between sympatric populations of Ae. aegypti. 23 Thus, Ae. aegypti can be divided into groups on a genetic basis. 24 Mosquito control activities have been shown to introduce genetic heterogeneity into mosquito populations. 25 Our results are consistent with those of Tabachnick and Powell, 23 stressing the major impact of human efforts to control mosquitoes in the genetic structure of mosquito populations. Human population density is highly correlated with the intensity of mosquito control undertaken in highly populated areas. The determination of genetic differentiation of vectors showing variation in ability to transmit viruses represents an essential knowledge to better understand dengue epidemiology and to design adapted control strategies.
